In future space missions by NASA there will be a need for "Space Transfer Vehicles" to perform varying orbital transfers and descents. This requires engines capable of producing different levels of thrust. To accomplish this, the turbopumps employed in these engines should efficiently provide a wide range of flow outputs. However, current fuel and oxidizer turbopumps with vaned diffusers do not perform efficiently at off-design (low) flow rates mainly due to flow separation in the vaned diffuser.
INTRODUCTION
The future space missions planned by NASA will use "Space Transfer Vehicles" to perform orbital transfer missions and Lunar/Mars transfers and descents. In order to do this efficiently, the vehicle must have a deep-engine throttling capability that can be obtained by designing a high performance Liquid Hydrogen (LH2) turbopump which can efficiently output different flow rates or operate at off-design conditions.
The current designs of turbopumps with vaned diffusers do not perform efficiently at off-design flow rates due to flow separation and stall in the This paper was originally presented at ISROMAC-7.
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A. OGUT AND D.G. PASTOR vaned diffuser. Particularly, at low flow rates, impeller discharge effects and increased boundary layer blockage in the vaneless and vaned diffusers lead to flow separation in the vaned diffuser.
The subject of this paper is to provide an insight into the effectiveness of fluid injection as a boundary layer control method in suppressing or eliminating flow separation in the vaned diffuser at off-design flow conditions. The effectiveness of this method will be demonstrated by obtaining a pressure recovery significantly higher with fluid injection than without at off-design flow conditions. The intent is to demonstrate the applicability of boundary layer control by fluid injection method for improving the performance of a three-dimensional vaned diffuser and to use the results to modify the diffuser design for improved turbopump performance at off-design flow conditions.
The model employed here includes the addition of the vaneless diffuser section to the previously studied vaned diffuser model by Ogut and Yoshida (1994) , so that a more realistic model which accounts for the impeller discharge effects can be studied. In addition, for the control of boundary layer, fluid injection is used instead of fluid suction.
A finite-element based code, FIDAP was used for flow analysis.
BACKGROUND
A vaned diffuser is one of the basic components of a turbopump. Its function is to convert inlet dynamic pressure (kinetic energy) to a static pressure rise. For subsonic flows this is accomplished by decelerating the fluid particles with a continuos increase of the diffuser cross-sectional area. The desired effect is to recover as much of the inlet dynamic pressure as possible under a steady flow condition.
However, since the diffuser performs in an adverse pressure gradient field, operating it at off-design conditions, such as at low flow rates, often leads to flow separation and stall.
Lariviere (1989) , and Lariviere and Prueger (1989) , tlrough experimental work, has shown that high performance multistage turbopumps with vaned diffusers often develop stall related instabilities at low (off-design) flow rates. For efficient overall pump performance the stall and flow separation in these diffusers must be prevented. This requires new design concepts and improved prediction methods which can lead to the necessary design modifications in the diffuser geometry.
Diffuser Performance
The subject of fluid-flow in diffusers contains many references. Particularly Kline and Fox (1962) addressed the issue of diffuser stall in detail and defined four major areas of diffuser stall known as "no appreciable stall", "large transitory stall", "fully developed two-dimensional stall", and "jet flow". Based upon N/W1 and 20 of a vaned diffuser, they developed a chart showing these four stall regions. This chart has been useful in the design of stall-free vaned diffusers.
A diffuser performance depends upon its particular geometry, and because it operates with an adverse pressure gradient field, its efficiency is limited. The geometry of a diffuser is fully specified by the aspect ratio b/W1 and any two of the L/ N/W1, and the area ratio, W2/WI. The performance of a diffuser is specified by the pressure recovery coefficient:
Cp -P -P where p is the pressure and Vt is the mean throat velocity. An ideal pressure recovery coefficient can also be defined and can be shown to be: Cp,idea (2) where AR is the area ratio.
Turbulent Flow Model
The turbulent flow can be described at every point by Navier-Stokes 
Ox
The addition of -puiu ) (known as the Reynolds stress) to the momentum equation prevents the solution of the above set of equations. Consequently, the two-equations k-c turbulence model is usually employed to facilitate the solution.
The k-c model leads to the use of eddy viscosity defined by: (7) where G is the shear generation term defined as: 
Using dimensional reasoning, Eq. (13) can be written in the form of a velocity profile"
where =0.41 and is known as the von Karman constant and E is an empirical constant (roughness parameter) found to be 9.0 for smooth walls.
Similarly, from dimensional analysis the equations for k and e for the wall region are given by: (12), (14), (15) and (16) injection can improve the performance of a diffuser. Bahl (1985) investigated the two-dimensional boundary layer separation and attachment due to small blowing through a transverse porous slot. His work showed that higher blowing velocities can cause the formation of a separation region upstream of the jet.
Boundary-Layer Control by Fluid Injection
The reduction or elimination of flow separation and stall in a vaned diffuser has been investigated as an alternative to modifying its geometry. One approach that has been used for correcting flow separation is boundary layer control by fluid injection. This method consists of near-wall momentum addition to re-energize the near-wall fluid particles which are being retarded in the boundary layer. This can be accomplished in active or passive manner.
In the case of the active method, a fluid is injected parallel to the wall to augment the shear-layer momentum or normal to the wall to enhance the mixing rate. Either a blower or the pressure differential that exits in the passage is utilized to inject the fluid into the retarded region of the boundary layer. Schwendemann and Sanders (1982) showed that the efficiency of the fluid injection depends on the momentum of the injected fluid and the distance between the injection slit and the boundary layer separation point. It is indicated that for the injection to be effective, this distance must be long enough to allow sufficient time for the mixing process to facilitate the momentum transfer from the jet to the boundary layer. At the same time it should be short enough to ensure that the new boundary layer developing between the wall and the jet does not grow to the point of separating from the wall. In addition the jet maximum velocity decreases with an increase of this distance, which tends to make the process inefficient.
A literature search provided few references on the use of fluid injection for control of boundary layer growth in a diffuser. Ball (1983) consists of a vaneless diffuser, a three-dimensional vaned diffuser (upcomer), followed by a turning channel which is followed by a downcomer diffuser. The turbopump vaned diffuser has a square throat area with 25.4 mm in height, expanding to a square discharge area with a height of 42mm with an half divergence angle of 6 and an axial length of 230mm. SIMULATION OF FLOW 61 In this study, the vaned diffuser along with the vaneless diffuser and turning channel were modeled. As indicated earlier, the inclusion of the vaneless diffuser is important since this allows the study of impeller discharge effects as well as the resulting flow structure in the vaneless diffuser. The 3-D mesh plot showing the diffusers with turning channel is given in Fig. 1 .
The inlet to the vaneless diffuser and the outlet from it in the circumferential direction are characterized by cyclic symmetry so periodic boundary conditions are used at these planes. In order to properly simulate impeller outlet (vaneless diffuser inlet) conditions, the flow was introduced into the vaneless diffuser at velocities that would exist at the impeller blade trailing edge. These velocities were determined using a meanline pump performance analysis program and listed in Table I for the flow rates studied.
Although the impeller blade wake effects introduce periodic unsteadiness at the vaned diffuser inlet, the work of Muggli et al. (1996) reported that no substantial difference can be found between the steady simulation and the time-averaged of the unsteady simulation of flow in a vaned diffuser of a pump. As a result, a steady simulation in the present study was considered to be satisfactory.
The model studies were made at design flow rate with no injection and at 60% off-design flow rate with and without injection. These off-design flow top (suction) 
Fluid Injection
The fluid injection was applied through the bottom or pressure surface of the vaned diffuser. The fluid was injected at an angle of 35 from the diffuser centerline through each of the six slits, two before and four after the diffuser throat (Fig. 1 ). Slits were 2 mm in width and placed 1.25 cm apart. They were positioned along the diffuser wall such that they were shorter in the flow direction and ran the width of the diffuser.
The previous work by Ogut and Yoshida (1994) showed that injection rates between 3 % and 10% of the inlet mass flow rate would be effective. The injection rates selected in this study were 3%, 7%, and 10% of the inlet mass flow rate. The total injection rate was distributed equally across the six available slits with the velocity of the fluid at each slit being equal. The boundary conditions at slits are given in Table II In Fig. 2 , the design flow velocity vector plot of the entire flow field is shown at a plane 0.8988 mm away from the shroud side wall. This figure shows that even at the design flow, the top or suction surface of the vaneless diffuser and the bottom or pressure surface of the vaned diffuser showed some evidence of flow deceleration. The development of this weak flow region at the pressure surface of the vaned diffuser is attributed to the upward acceleration of the main flow into the vaned diffuser through the narrowed area between the separated flow region at the suction surface of the vaneless diffuser and the leading edge of the vaned diffuser. This resulted in a flow angle pointing towards the top surface of the vaned diffuser.
At 60% of the design flow the same shroud plane is shown in Fig. 3 . It is clear from this figure that the decelerated flow region became somewhat larger. Figure 4 shows the pressure surface of the vaned diffuser at the same flow rate. This figure shows that flow reverses along the hub and shroud walls.
Flow Patterns with Fluid Injection
Various injection rates (3%, 7%, and 10%) were tested. The results showed that both 3%, and 7% injection rates were effective in eliminating the VECTOR,,LOT FIGURE 2 2-D view of the shroud plane velocity (design flow). separated flow region in the vaned diffuser at 60% of the design flow rate with no significant impact on the region at the suction surface of the vaneless diffuser. Figure 5 shows this result on the shroud wall plane for the 60% case with 3% injection rate. Figure 6 shows the results at the pressure surface at the same flow conditions. From these results it is clear that use of fluid injection completely restores separation-free flow conditions.
The possibility of inducing flow separation at the pressure surface of the vaned diffuser with higher injection rates was also investigated. It was determined that higher (10%) injection flow rates can induce flow separation (Fig. 7) . This is thought to 
Pressure Recovery with Fluid Injection
With the employment of injection, there was clear evidence of improvement in pressure recovery in the vaned diffuser. These results are also shown in Table III for the 100%, and 60% of the design flow conditions. As indicated in this table, for the 60% of the design flow, the injection rates of 3% achieved the highest pressure recovery.
These results show that there is a substantial improvement in pressure recovery over the cases without injection. 
Optimal Injection Rate
The results in Table III show that the pressure recovery coefficient, Cp may have an optimal value corresponding to a particular fluid injection rate.
The Cp values were plotted against the injection rates and the results are shown in Fig. 8 . This figure shows that an injection rate of 3% at 60% of the design flow rate may provide the highest pressure recovery while completely removing the separated flow region.
CONCLUSIONS
A vaned diffuser operating at off-design flow conditions can experience flow separation.
The application of fluid (LH2) injection was shown to be an effective method for controlling the growth of the boundary layer and eliminating the resulting flow separation in a vaned diffuser at off-design flow conditions. By employment of optimum injection rates, diffuser efficiency was improved by as much as 21% at 60% off-design flow conditions. It can also be concluded that there is an 'optimal' injection rate corresponding to the highest pressure recovery at an off-design flow rate. Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced. As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
